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characteristics, namely thrust, specific
impulse (Isp), and ∆V and their
corresponding losses relative to the
theoretical predictions.

ABSTRACT
Due to the size constraints imposed on small
satellites, designing a propulsion system to
meet mission requirements, within budget
constraints, presents a significant challenge.
The Missouri University of Science and
Technology is currently developing a lowcost, two-phase propulsion system using the
refrigerant R-134a as a propellant that can
be stored at low pressures while still
providing sufficient performance to meet
mission goals. In order to validate R-134a
as a safe and affordable propellant for small
satellites, preliminary calculations were
made and confirmed through rigorous
testing. These results validate R-134a as a
viable propellant for small satellites.

M-SAT Mission
The motivation for this work originated with
the Missouri Satellite Team (M-SAT), who
has recently designed two satellites:
Missouri Rolla Satellite (MR SAT) and
Missouri Rolla Second Satellite (MRS
SAT). These spacecraft, as entries to the
AFRL University Satellite Program (UNP)
Nanosat 6 (NS6) competition, are to be
flown in close formation using a cold-gas
propulsion system. Both satellites will be
launched in a stack configuration with MRS
SAT attached to the top of MR SAT as
shown in Fig. 1 (1).

1. BACKGROUND
Currently, most cold-gas propulsion systems
rely on expensive hardware to contain the
high-pressure gas needed to provide
sufficient ∆V to complete mission
requirements (1). In an effort to close the
technological gap, Missouri S&T students
are developing a two-phase refrigerantbased cold-gas propulsion system using R134a and commercial off-the-shelf (COTS)
hardware. Additionally, R-134a is safe and
easy to store while still capable of providing
moderate performance, making it an
excellent option for small spacecraft. This
paper documents the design and testing of a
small satellite propulsion system to
determine the viability of R-134a as a
candidate propellant for small satellites and
to determine the associated performance
Pahl, Tutza
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Figure 1. Launch Configuration of M-SAT
Satellites
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Once on orbit, a Lightband system will be
used to eject the pair from the launch vehicle
and magnetic coils aboard both satellites
will be used to detumble and align the
satellites to ensure communication with the
ground station. Once a stable attitude is
achieved, the satellites will decouple and
MR SAT will enter a chase mode to
establish a desired formation with MRS
SAT using the cold-gas propulsion system.

source pressure drops below the regulated
pressure. The Marotta tank has a volume of
2.5 L with a minimum burst pressure at
1,421 psi (3). This pressure would typically
limit the amount of propellant that could be
stored in the tank with traditional cold-gas
systems.
Additionally, the pressure
regulator is only rated up to 1000 psi (2),
therefore further limiting the amount of
traditional cold-gas propellant allowed in the
tank. Two pressure transducers are used to
monitor the pressure both upstream and
downstream of the regulator.
These
transducers have a maximum pressure limit
of 10,000 psia (2). However, the limiting
component of the MR SAT propulsion
system is the valve used to control the flow
of propellant. These valves have a proof
pressure of 375 psia (2), well below the
limitations of the other hardware. The
hardware layout is shown in Fig. 2 (1).

The primary satellite, MR SAT, is the only
one of the pair with an onboard propulsion
system enabling orbital maneuvers and
attitude control for communication and data
relay back to the ground station. Because
the flight control software (FCS) is designed
to have minimal input from the ground,
MRS SAT is designed to only communicate
with MR SAT, and the onboard FCS then
activates the needed thrusters to maintain the
formation without input from human
controllers. If, however, an anomaly does
arise, the ground station does have the
ability to override the onboard system and
directly command MR SAT.
The second satellite of the M-SAT pair
serves as the leader for the primary (MR
SAT) spacecraft to follow. MRS SAT will
use magnetic coils to align itself with
Earth’s magnetic field for attitude control,
but no means exist to change MRS SAT’s
orbit, requiring MR SAT to use the cold gas
system to maintain the formation.

Figure 2. MR SAT Propulsion System
Hardware and Layout

MR SAT Propulsion System Hardware
The Marotta propulsion tank used for this
mission has a Kapton heater affixed to the
exterior of the tank, providing energy to the
system to counter the heat loss due to the
phase change of the propellant. In order to
guarantee consistent thrust values with a
potentially changing tank pressure, a
Swagelok regulator controls pressure to 24.7
psia (2), and continues to operate if the
Pahl, Tutza

It is clear that using low-cost COTS
components severely limits the potential
capabilities of small satellites. For example,
a cold-gas system using nitrogen would only
be capable of producing 1.49 m/s of ∆V,
limiting the capabilities of the satellite to
fulfill even moderately complex missions.
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University Nanosatellite Program Limits
In addition to hardware limitations, small
satellites generally experience further
limitations imposed by the launch vehicle
provider. As participants in the University
Nanosatellite Program (UNP) program, the
propulsion system must meet the limitations
given in the UNP User’s Guide (UG).
Because the Space Shuttle was previously a
candidate launch vehicle, the restrictions
imposed on the propulsion system are the
most stringent in the industry and originate
mainly from two documents: NASA
standard 5003 – Fracture Control
Requirements for Payloads Using the Space
Shuttle (4) and NSTS 1700.7B – Safety
Policy and Requirements for Payloads using
the Space Transportation System (5). NASA
standard 5003 classifies a pressurized
system as either a “sealed container” or a
“pressure vessel” based on the conditions of
the fluid being stored. The UNP UG states
that pressure vessels are generally prohibited
from use in the competition.
Any
pressurized system must maintain a sealed
container classification and maintain a nonhazardous internal environment. In order
for the propulsion tank to be classified as a
sealed container, several physical limitations
must not be exceeded during launch and
orbit of the spacecraft: absolute pressure less
than 689.48 kPa (100 psia) and internal
energy of the fluid less than 19,319 kJ
(14,240 ft-lbs). Based on these limitations, a
simple comparison was done between
common cold-gas propellants and a few
nontraditional propellants, namely R-134a,
shown in Fig. 3.

Figure 3. Comparison of Various Propellant
∆V Capabilities at 100 psia and 100 °C

Along with these limitations of a sealed
container are additional design guidelines in
the UG that are discouraged or prohibited
practices. Listed below are the practices that
directly affect the propulsion system:






It is prohibited to use pyrotechnic
devices and/or mechanisms.
It is prohibited to use toxic and/or
volatile fluids or gasses.
It is
discouraged to use materials that can
undergo a phase change during launch
or on-orbit.
It is prohibited to use cast metallic or
welded joints.
It is prohibited to use parts or
assemblies for which safety is highly
dependent upon the build or assembly
process. Examples include composite
materials and certain deployment
mechanisms. If it is necessary, these
processes should be completed or
witnessed by aerospace professionals.

The propulsion system developed by the MSAT team generally adheres to these
guidelines. Of course, a propulsion system
extended for use outside of the UNP
program does not have to follow these
Pahl, Tutza
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regulations and limitations. The system
developed in this study can both meet UNP
constraints and be easily configured for
higher pressures and performance outside
the UNP program.

used for MR SAT contains an internal
Propellant Management Device (PMD),
consisting of several screens and baffles for
the propellant to adhere so that no liquid R134a will be ingested by the propellant lines
during maneuvers (2). As the propellant is
consumed, the liquid will evaporate in the
tank to maintain the constant pressure,
therefore creating more gaseous (useable) R134a.
Because of the low saturation
pressure, the refrigerant-based cold-gas
system is able to store a higher propellant
mass at lower pressures than other
conventional gases such as nitrogen,
oxygen, and the noble gases: neon, argon, or
xenon.
However, due to volumetric
constraints, only a limited quantity of liquid
propellant can be stored in the tank before
liquid ingestion into the propellant lines
becomes an issue. Liquid ingestion is a
concern due to the fact that it will increase
the mass flow rate of propellant through the
thruster, possibly increasing the thrust but at
a cost of reduced efficiency, greatly
lowering the system’s total ∆V. Higher
pressurized gases will provide, given a
higher limit on the pressure regulator, a
higher overall thrust from the system. One
way to alleviate this situation is to fill the
tank with mostly liquid on the ground,
minimizing internal pressure, and then use
the heaters to heat the R-134a once on orbit,
increasing the amount of gaseous propellant
in the tank. However, this is provided that
the propellant pressure does not exceed
hardware limitations.

2. TWO-PHASE SYSTEM
The general advantage of using a two-phase
system stems from the low saturation
pressure of the fluid relative to common
gases such as nitrogen or argon. The
saturation pressure is defined as the pressure
at which a fluid changes state at a specified
temperature (6). If the saturated pressure is
low, then the gaseous propellant can be
easily compressed into the liquid state
allowing for a higher storage density. For
example, R-134a stored at 20 °C has a vapor
density of 27.8 kg/m3 compared to a liquid
density of 1,225.3 kg/m3 (6). This means that
44.1 times more propellant mass can be
stored in the tank as a liquid than as a gas,
clearly showing the potential of a saturated
liquid propulsion system. The effect of
propellant mass is clearly evident from the
well-known Rocket Equation
∆𝑉 = 𝑔0 𝐼𝑠𝑝 𝑙𝑛

𝑚0
𝑚 0 −𝑚 𝑝

[1]

where g0 is the gravitational constant of
Earth, m0 is the initial wet mass (total mass
with propellant), and mp is the propellant
mass.
Further, once this saturation pressure is
reached, more propellant can be added to the
system without additional pressure increase.
This allows the propellant tank to be filled to
the desired level of liquid and yet equilibrate
at the same pressure as a system with only a
small amount of liquid.

The low saturation pressure also has another
advantage. Typical cold-gas systems require
long sections of tubing to route the
propellant through the satellite, requiring
several connectors to attach hardware
throughout the satellite. Each connection
point increases the change of a leak
developing in the system due to improper
integration or vibration from launch. The

R-134a has a relatively low saturation
pressure making its storage as a saturated
liquid relatively simple. The Marotta tank
Pahl, Tutza

4

24th Annual AIAA/USU
Conference on Small Satellites

higher the system pressure, the more prone
the system is to suffer these leaks and faster
the system losses propellant. Because of the
low saturation pressure of R-134a, leak
formation is less likely to result.

thrust, two-phase systems, namely R-134a,
offer excellent performance and capability.
3. VALIDATION OF R-134a
To validate the assertions about the validity
of R-134a as a viable small satellite
propellant, two distinct tests were
conducted: The first test analyzes the thrust
production of an R-134a-based system in a
vacuum environment at various nozzle inlet
conditions to show the versatility of an R134a-based system and thus its application
to a wide range of mission requirements.
Second, the endurance of the system was
tested to determine the effect that initial
propellant mass and heaters have on the
propulsion system capabilities.

Another key advantage that makes the
refrigerant R-134a a suitable propellant for
the small satellite community is its
availability and modest cost. Compared to
the other gases listed previously, R-134a is
easily acquired at any automotive parts
store. Some chemical supply companies
also stock larger volumes in storage tanks,
suitable for satellites that need more mass in
the onboard propellant tank.
Two-phase systems, on the other hand, do
have some limitations that must also be
considered when choosing a viable
propellant candidate for a given mission.
The primary consideration is thrust level.
Due to the relatively low saturation pressure,
the system is only capable of small amounts
of thrust relative to high-pressure systems.
However, for an R-134a based system, this
is only a limitation if the mission requires
sustained thrust levels greater than 100 mN
(1).
Additionally, to extract the maximum
thrust from a two-phase system, the
propellant needs to be heated to increase the
saturation pressure. Furthermore, heaters
may be needed to compensate for any
energy loss due to the propellant phase
change when firing. The addition of heaters
adds further system complexity (i.e., thermal
analysis/control of system and satellite) and
a potentially significant power drain on the
system depending on mission requirements.
Due to the size limitations of small satellites,
the power available to the satellite and thus
the propulsion heaters is typically limited.
However, as mentioned previously, this is
only a concern for systems that demand
sustained high-thrust values for a prolonged
duration. For systems only needing minimal
Pahl, Tutza

Thrust Performance of R-134a-Based
Propulsion System
Preliminary calculations were initially
performed to estimate the thrust of an R134a-based system for use in the M-SAT
mission. The analysis was performed within
the limits of the UNP UG, limiting the
potential performance of the MR SAT
propulsion system. For simplicity, several
assumptions were made:
 Flow in the nozzle is isentropic.
 Tank and propellant lines contain
isothermal fluid.
 Propellant is in a gaseous state and obeys
ideal gas laws.
 No shocks or discontinuities present in
the nozzle.
 Flow is quasi-one-dimensional in the
axial direction.
 Nozzle boundary layers are disregarded.
 Propellant flow is constant with no valve
open/close transient effects.
 Ambient pressure in space is zero.
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Furthermore, the analysis is governed by the
Rocket Equation and nozzle flow
calculations. First, the pressure ratio (PR)
through the nozzle was determined using

𝐴𝑒
𝐴∗

= 𝐴𝑅 =

𝛾 −1
2
2
𝑃𝑅 𝛾

2
𝛾 +1

mission based on the regulated pressure of
24.7 psi.

Table 1. Theoretical Performance of R134a-Based Propulsion System at Specified
Nozzle Inlet Conditions

𝛾 +1
𝛾 −1

(2)

𝛾 −1

1−𝑃𝑅 𝛾

Inlet Pressure (psia)
Inlet Temperature (°C)
Initial Spacecraft Mass (kg)
Thrust (mN)

where:
AR – the area ratio of nozzle
γ – the ratio of specific heats of the
propellant.

Preliminary loss correction values were
based on propulsion systems currently being
employed and their associated correction
factors. After surveying various systems, a
range of thrust correction values were
determined as 0.92 – 1.00 (2). For initial
mission design, a correction factor of 0.972
was chosen; however, this was only a simple
estimate that needed validation.

From this equation, it is clear that for a
given species of propellant (γ), the PR is
only dependent on the AR of the nozzle.
For the MR SAT propulsion system, an AR
of 100 was selected as this allowed for
sufficient thrust and ∆V to complete the
mission.
Next, the thrust was determined using
𝐹 = 𝐴∗ 𝑃𝐶 𝛾

2

2

𝛾−1

𝛾 +1

𝛾 +1
𝛾 −1

1 − 𝑃𝑅

𝛾 −1
𝛾

+ 𝑃𝑒 𝐴𝑒

To validate these results, the M-SAT
propulsion system was tested in vacuum
environment under various inlet conditions.
To demonstrate the feasibility of an R-134abased system, a wide range of nozzle inlet
conditions needed to be tested. For these
tests, a temperature and pressure range of 0
– 40 °C and 10 – 100 psia were selected. A
schematic of the experimental setup is
shown in Fig. 4.

(3)

where:
A* – area of the nozzle throat
Pc – pressure entering the nozzle
Pe – the pressure at the nozzle exit.
It is clear from Eq. 3 that the thrust is a
linear function of nozzle inlet pressure since
all other values are constant. The only nonconstant, Pe, is driven by the nozzle inlet
pressure since PR is constant.
This basic analysis gives baseline values that
assisted in the hardware selection for the test
and to generate theoretical values that could
then be used to calculate correction factors
for an R-134a-based system. Table 1 shows
theoretical values calculated for the M-SAT

Pahl, Tutza
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Figure 4. Thrust Performance Test Setup
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To ensure consistent results, each test was
conducted five times.
One procedural
challenge was encountered that could have a
potentially significant effect on the test
results. When firing the thruster, a pressure
drop was seen between the pressure
transducers (Fig. 4).
This loss was
attributed to friction and boundary layer
development due to fully developed flow.
As the system is fired, friction along the
inner walls of the propellant tubing slows
some of the gas molecules. This velocity
reduction is greatest at the wall and slowly
decreases as it approaches the core. These
slower particles create a virtual area that is
much smaller than the actual area of the
propellant tubes, restricting the amount of
gaseous propellant exiting the nozzle. To
compensate for this loss, the pressure
regulation value was increased so that the
downstream pressure transducer inside the
vacuum chamber read the desired pressure.
However, there still remained a small
section of flexible tubing approximately
seven inches in length, resulting in the
presence of some frictional losses. In an
attempt to quantify this loss, a friction flow
test was conducted with R-134a and a 1/8”
inner diameter stainless steel tube. The
results are shown in Table 2 (7).

pressure of 24.7 psia at 40 °C. However,
this only accounts for a single pressure, and
will change significantly for higher
pressures and various temperatures. The
friction testing shown in this paper only
covers some portion of the overall pressure
range evaluated in the thrust performance
test. Future testing will include a wider
range of temperatures and pressures to
further quantify these losses.
The results of the first set of thruster testing
are shown in Fig 5.
0.10

0.01116
0.01024
0.01153
0.01152
0.01034
0.00850

3.225
2.965
2.774
2.456
1.807
1.298

3.425
3.175
2.975
2.600
1.875
1.300

20

40
60
Pressure (psia)

80

Thrust (N)

Figure 5. Thrust Performance with Lee
Company Valves Versus Nozzle Inlet
Pressure

The first and second tests made use of a
thruster with a Lee Company micro solenoid
valve, a low-cost COTS component, to
control propellant flow through the nozzle.
For the first couple of experimental runs, the
thrust increased linearly as a function of
nozzle inlet pressure and maintained
temperature independence, consistent with
theoretical predictions. However, at the
higher temperatures, a degrading thrust
started to become more pronounced,
especially for Test 2 at 30 °C. Originally,
the slight decrease in thrust observed in the
Test 1, 30 and 40 °C cases was first
attributed to a leak that had developed in the
system. After checking all connections in
the system without success, a second Lee

5.84
6.60
6.75
5.55
3.61
0.13

From these results, it was found that a seven
inch section of 1/8” inner diameter stainless
steel tubing would produce a loss of
approximately 1.9 psia with a regulated
Pahl, Tutza

0.04

0.00
0

Regulated Mass Flow Friction
Predicted
Experimental
True Value
Pressure Rate Average Factor Pressure Drop Pressure Drop
% Error
(psig)
(g/s)
Average
(psi)
(psi)
1.023
0.978
0.889
0.789
0.655
0.552

0.06

0.02

Table 2. Friction Factor Determination
Accuracy for R-134a Tube Flow

22
20
18
15
10
5

Test 1, 0 C
Test 1, 10 C
Test 1, 20 C
Test 1, 30 C
Test 1, 40 C
Test 2, 0 C
Test 2, 10 C
Test 2, 20 C
Test 2, 30 C

0.08
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the valve’s seal with R-134a and possible
outgassing in a vacuum environment. Due
to the high cost associated with
compatibility and outgassing testing, the
team has yet to confirm this hypothesis.
Currently, the team is investigating
alternative materials that have been
previously outgas tested and proven to be
compatible with R-134a.

Company valve thruster assembly was used
for Test 2 that produced similar results.
Lower temperatures held with theory;
however, at higher temperatures the thrust
capabilities of the system began to decline.
The system was again checked for leaks, but
none were found. A thruster with only a
nozzle and no valve was employed for the
third test and these results are presented in
Fig. 6.

Data from all three thruster tests plotted
against the theoretical values are shown in
Fig. 7.
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Figure 6. Thrust Performance without Lee
Company Valves Versus Nozzle Inlet
Pressure
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Figure 7. Thrust Performance of R-134a
Based System Versus Nozzle Inlet Pressure

It is clear that removing the valve had an
immediate performance enhancement on
thrust performance. The thrust valves were
more consistent and did not experience the
decline of thrust at the higher temperatures.
The source of the valve issue is under
investigation; however, the team is confident
that the problem resides in one of two
possible sources. The first, and most likely
candidate, is the method that was used to
attach the nozzle and Swagelok fittings to
the valve.
Silver solder joints were
employed in an attempt to get a stronger
joint. However, this method requires a
significant amount of heat, likely damaging
the internal mechanism of the valve. A new
attachment method is under consideration,
but at the time of writing, only the silver
solder jointed thrusters were available. The
second possibility is an incompatibility of
Pahl, Tutza
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While the removal of the valve clearly
increased the consistency of the data and
prevented the thrust loss seen at higher
temperatures, the amount of thrust
enhancement was unexpected. Clearly, both
setups are far from the ideal case; however,
the Lee Company valve resulted in a far
greater loss in thrust. Using these results,
loss correction factors were calculated and
are shown in Table 3.

Table 3. Thruster Performance Correction
Factors
Symbol
Force (Thrust)

8

ζF

Correction Predicted Actual Correction Actual Correction
Factor Correction Factor With
Factor Without
Range
Factor
Valve
Valve
0.92-1.00
0.972
0.383
0.652
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Based on the testing results, the assumptions
made for the preliminary thrust calculations
predict a significantly higher thrust than the
system may be capable of producing.
Unfortunately, due to limited resources, the
specific contribution of each type of loss
(i.e., friction, thermal variations, non-ideal
gas, etc.) could not be quantified, but
remains a goal for future testing.

attached power supply to 6.9 V,
corresponding to 3.63 W of power. Once
the tank was filled with the desired mass, it
was allowed to reach equilibrium before the
test was started as the filling procedure
resulted in a slight cooling of the system. A
system schematic for the endurance test is
shown in Fig. 8.

While some losses were noticed in the
thruster testing, the primary goal was
completed: demonstrate the viability of an
R-134a-based propulsion system.
The
results clearly show that an R-134a-based
can produce moderate levels of thrust
despite losses and is capable of completing a
wide variety of small satellite mission goals.

Figure 8. Endurance Test Setup

Endurance of an R-134a-Based Propulsion
System
To test the full capability of the system,
several initial propellant masses were placed
in the tank: 60, 120, 180, 250, 350, and 460
grams. These masses allowed the system to
experience a superheated vapor initial state,
and saturated liquid states with various
amount of liquid propellant. See Ref. (1) for
more information.

The purpose of the next test was to
determine the total firing time of the
propulsion system before the tank pressure
drops below the regulated pressure and
when the propellant is consumed. If a ∆V
requires a longer firing duration than what
the system is capable of, then the maximum
capable ∆V of the system will become the
limiting factor for the mission. The setup
for this test was similar to the previous test
(Fig. 4), however the Lee Company valve as
part of the thruster was not used and the
Marotta tank with Kapton heater was used in
place of the off-the-shelf canister and hot
plate section. The thruster nozzle was
attached directly to the line and a ball valve
was used to control the flow of the R-134a.
The tank was filled with a given initial mass
and the pressure and temperature of the tank
were monitored as well as the pressure of
the lines downstream from the pressure
regulator, which is the pressure passing
through the nozzle. This was repeated with
the Kapton heater attached to the tank and
powered up. The heater was powered by an
Pahl, Tutza

Tests from the 60 gram case were conducted
first and showed a total exhaust duration of
only 6.53 minutes for the unheated case and
7.40 minutes for the heated case which can
be seen in Fig. 9.
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Figure 12. Tank and Line Pressure Versus
Time for 120 Grams of R-134a

Figure 9. Tank and Line Pressure Versus
Time for 60 Grams of R-134a

It can be noted that a slight shift in the rate
of pressure decrease in both the heated and
unheated cases occurs. This is because the
120 grams of propellant in the tank at 20 °C
is a saturated liquid with a quality of 56.80%
giving 68.15 grams of gaseous R-134a and
51.85 grams of liquid. The steeper slope
occurs at the time at which the liquid
propellant in the tank is all evaporated in the
gaseous state. The heated case started at a
temperature of 25 °C while the unheated
case started at about 20.5 °C.
The
temperature profile shows the temperature
decreasing for both heated and unheated
cases while there is still liquid in the tank.
Once all the liquid is evaporated, the
temperature of the heated case increases due
to the tank heater recovering from the
temperature loss due to evaporation. The
temperature in the unheated case continues
to decrease, but not as rapidly. The final
temperature of the heated case was near 22
°C while the final temperature for the
unheated case was about 13 °C.
As
mentioned earlier, the 180 and 250 gram
cases related closely to these results, but the
endurance time increased with the initial
mass.

This indicates that the heaters only increase
the firing duration by 13.27%. The heated
case had a higher initial temperature of
approximately 25.75 °C compared to 22.25
°C for the unheated case. This temperature
difference is responsible for the pressure
difference seen in Fig. 8. The temperature
for the heated case did not differ much from
the initial temperature; however the
unheated case did experience a slight
decrease in temperature to end at about 19
°C. At these temperatures, 60 grams of
propellant is in the superheated vapor state
(8)
. For many small satellites, power is
rarely in excess.
In this event, it is
recommended to run the heaters when the
power requirements of the satellite are not as
demanding. This gives a small boost to the
endurance time without drawing too much
power during the primary mission.
The next test used an initial mass of 120
grams in the propulsion tank. The 180 and
250 gram cases gave very similar pressure
and temperature results to the 120 gram
case. In this respect, only the 120 gram case
will be shown in this section, but the graphs
from the other tests can be found in Ref. 1.
From Fig. 10, it can be seen that the
propellant lasted much longer than that in
the 60 gram case.

Pahl, Tutza

The 350 and 460 gram cases encountered an
anomaly in the pressure and temperature
profiles. As seen in Fig. 11, the pressure has
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a sudden, unexpected jump before leveling
out at the regulated pressure.

The percent increase of the duration from
the unheated to the heated cases is also
noted. From this table, it is clear that the
duration of firing was greater with the
heaters on than off. While the percent
increase in firing time is important, the
individual times are also important in that an
endurance time at a given mass can be only
slightly larger than a mass that is less. In
this aspect, the lesser mass might be more
beneficial if mass constraints are a limiting
factor.
Conclusions

Figure 11. Tank and Line Pressure Versus
Time for 460 Grams of R-134a

Through thorough analysis and testing, the
viability of using a refrigerant-based coldgas propulsion system for small satellites
has been demonstrated. The R-134a-based
system is capable of delivering moderate
thrust and ∆V as an alternative to traditional
cold-gas systems using high-pressured gases
such as nitrogen or argon. Additionally, the
firing duration of the system and possible
limitations due to thermal cooling have also
been quantified. These results show that an
R-134a-based system can be successfully
used on missions that require sustained
thrust for a moderate time without suffering
performance degradation. While R-134abased systems will provide an excellent
small satellite propulsion system, it may find
its niche among university-built satellites.
Typically, these small satellites are
constructed by students and tend to have
additional restrictions placed upon them.
Refrigerant-based systems offer a low-cost
system with high margins of safety that
makes it an ideal candidate for a university
laboratory setting.

The temperature profile shows that the
heated case temperature decreases rapidly
then suddenly increases, which corresponds
to the complete evaporation of liquid in the
tank, however the unheated case shows no
temperature variance at all. Recall that with
the previous masses that had saturated liquid
in the tank, the unheated case decreased
rapidly at first and became less steep once
all the liquid has evaporated. Future tests
will be conducted for these two masses and
the results will be evaluated and compared.
The results of the firing duration from all six
tests are summarized in Table 4.

Table 4. Firing Duration of Various Initial
Masses of R-134a
Mass (g)
60
120
180
250
350
460

Firing Duration in Minutes (seconds)
Percent
No Heater
Heater
Increase (%)
6.53 (392)
7.40 (444)
13.27
14.58 (875)
18.70 (1122)
28.23
17.80 (1068)
39.95 (1797)
68.26
32.38 (1943)
42.85 (2571)
32.32
30.42 (1825)
44.88 (2693)
47.56
37.98 (2279)
66.58 (3995)
75.30

Pahl, Tutza

While the results presented to date show
good potential for an R-134a-based system,
further testing is needed to quantify the
losses associated with such a system and to
determine the effect of large amounts of
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propellant mass being stored in the tank on
the system endurance and longevity.

5. NSTS 1700.7B (ISS Addendum) Safety
Policy and Requirements for Payloads
Using the Space Transportation System.
Every Spec. [Online] December 1995.
[Cited:
April
12,
2010.]
http://www.everyspec.com/NASA/NASA
+-+NSTS-ISS+PUBS/NSTS1700Add_B_8_4064/.
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